Context. Possible main formation sites of fluorine in the Universe include AGB stars, the ν-process in Type II supernova, and/or Wolf-Rayet stars. The importance of the Wolf-Rayet stars has theoretically been questioned and they are probably not needed in the modelling of the chemical evolution of fluorine in the solar neighborhood. It has, however, been suggested that Wolf-Rayet stars are indeed needed to explain the chemical evolution of fluorine in the Bulge. The molecular spectral data, needed to determine the fluorine abundance, of the often used HF-molecule has not been presented in a complete and consistent way and has recently been debated in the literature. Aims. We intend to determine the trend of the fluorine-oxygen abundance ratio as a function of a metallicity indicator in the Bulge to investigate the possible contribution from Wolf-Rayet stars. Additionally, we present here a consistent HF line list for the K-and L-bands including the often used 23358.33 Å line. Methods. High-resolution near-infrared spectra of eight K giants were recorded using the spectrograph CRIRES mounted at VLT. A standard setting was used covering the HF molecular line at 23358.33 Å. The fluorine abundances were determined using spectral fitting. We have also re-analyzed five previously published Bulge giants observed with the Phoenix spectrograph on Gemini using our new HF molecular data. Results. We find that the fluorine-oxygen abundance in the Bulge probably cannot be explained with chemical evolution models including only AGB-stars and he ν-process in supernovae Type II, i.e. a significant amount of fluorine production in Wolf-Rayet stars is likely needed to explain the fluorine abundance in the Bulge. Concerning the HF line list, we find that a possible reason for the inconsistencies in the literature, with two different excitation energies being used, is two different definitions of the zero-point energy for the HF molecule and therefore also two accompanying different dissociation energies. Both line lists are correct, as long as the corresponding consistent partition function is used in the spectral synthesis. However, we suspect this has not been the case in several earlier works leading to fluorine-abundances ∼0.3 dex too high. We present a line list for the K-and L-bands and an accompanying partition function.
Introduction
From a nucleosynthetic perspective fluorine is a very interesting element and its cosmic origin is truly intriguing. Its creation and destruction in stellar interiors is very sensitive to the physical conditions (see for example Lucatello et al. 2011) , meaning Using a semi-analytic multizone chemical-evolution model, Renda et al. (2004) show for the first time the impact of the AGB and W-R star contributions to the Galactic chemical evolution of fluorine. They show that ν nucleosynthesis was dominant in the early universe and that AGB stars' significance successively grows. Based on the old yields and non-rotating models, they further show that the contribution of W-R stars is significant for solar and super-solar metallicities, increasing the [F/O] ratio by a factor of two at solar metallicities. Their conclusion is that all three production sites are needed in order to explain the Galactic chemical evolution of fluorine for a range of metallicities. Kobayashi et al. (2011a) modeled the evolution of fluorine in the solar neighborhood including AGB stars and ν nucleosynthesis with two different neutrino energies (E ν = 3 × 10 53 erg and E ν = 9 × 10 53 erg). Note that the contributions from W-R stars are underestimated in these models, because the elements such as C, N, and possibly F that are newly produced and have been lost via stellar winds before supernova explosions are not included. The models show a good agreement with field stars of higher metallicities. At lower metallicities the models cannot reproduce the observations of Li et al. (2013) , but still the model that fits best include the ν process with E ν = 3 × 10 53 erg. The abundance of fluorine in stars is difficult to measure due to a paucity of suitable spectral lines. Highly ionized F v and F vi lines in the UV have been used by Werner et al. (2005) in extremely hot post-AGB stars and a handful of F i lines between 6800-7800 Å have been used in extreme helium stars and R Coronae Borealis stars (Pandey 2006; Pandey et al. 2008) . All other studies we are aware of have been made using HF molecular lines in the K-band and mostly the HF(1 − 0) R9 line at 23358.329 Å.
Relevant for the observations we present in this paper, is the study by Cunha et al. (2008) who present the first study of the chemical evolution of fluorine in the Galactic Bulge, by investigating six red giants in Baade's Window (five of these spectra are re-analyzed in this paper). They find that the fluorine to oxygen abundance ratio in the Bulge follows and extends the solar neighborhood trend. The trend at higher metallicities needs other sources of fluorine in addition to the ν process contribution, which is sufficient at lower metallicities. These are the AGB star and W-R star contributions. By investigating the correlation with abundances of s-process elements, the authors conclude that, for the Bulge, the W-R wind contribution to the fluorine budget should be important and larger than for the Disk. They therefore suggest that W-R stars might have played a vital role in the chemical evolution of the Galactic Bulge.
In this paper, we observationally investigate the chemical evolution of fluorine in the Bulge, by analyzing red giants from three fields. We discuss the relative contributions of the different main nucleosynthetic sites suggested, by comparing with the latest and most updated models for the evolution of fluorine in the Bulge. Our main conclusion is that a significant fluorine production in W-R stars is likely needed to explain the fluorine abundance in the Bulge, meaning that the production in AGB-stars and SNe II is probably not enough.
Observations
We have observed eight K giants in the galactic Bulge using the spectrometer CRIRES (Kaeufl et al. 2004; Moorwood 2005; Käufl et al. 2006) , mounted on VLT. The K-band observations explored in this paper are, with one exception, of the same stars as the H-band observations analyzed in Ryde et al. (2010) , in turn a sub-sample of the full visual sample used in Zoccali et al. (2006) , Lecureur et al. (2007) , and Barbuy et al. (2013) . The basic data of our stars are listed in Table 1 and the Figure 1 shows the location of our three fields (B3, BW and B6) in comparison to the COBE/DIRBE outline of the Galactic Bulge (Weiland et al. 1994 ) and the micro lensed Bulge dwarfs of Bensby et al. (2013) .
The stars were observed with the CRIRES-setting 24/-1/i giving a spectral coverage from approximately 23070 Å to 23510 Å and therefore including the HF-line at 23358.33 Å. The spectral resolution is around R=40000, as determined from narrow telluric lines. The observations were reduced using the CRIRES pipeline and the continua are normalized with the the IRAF task continuum. Subsequently, the telluric lines plaguing Notes. a Using the same naming convention as Lecureur et al. (2007) . Fig. 1 . Location of the four fields (B3, BW, B6, and BL) of Lecureur et al. (2007) in comparison to the COBE/DIRBE outline of the Galactic Bulge (Weiland et al. 1994 ) and the study of Bensby et al. (2013) . Our stellar sample is a subset of the B3-, BW-, and B6-stars. The five re-analyzed stars from Cunha et al. (2008) are in the BW-field.
this part of the IR spectra, were carefully removed by dividing the normalized spectra with that of a telluric standard of high signal-to-noise ratio, which we observed in the same setting and reduced in the same way, using the IRAF task telluric.
The stellar parameters were re-determined from the visual observations with the UVES spectrometer described in Lecureur et al. (2007) and the oxygen abundances were redetermined from the H-band data described in (Ryde et al. 2010) Table 2 . The large optical extinction in the Bulge direction is the cause of the large differences in exposure times between the visual and the infrared observations. The extinction in the K band is a factor of 10 lower that in the V band (Cardelli et al. 1989 ).
In addition to these eight giants, K-band spectra from three K giants and two M giants in Cunha et al. (2008) (in turn from Cunha & Smith (2006) ) have been re-analyzed. These stars are all in Baade's Window and were observed using the Phoenix spectrograph at Gemini-South (Hinkle et al. 1998) . For a com-A&A proofs: manuscript no. fluor_arxiv plete description of these observations, see Cunha et al. (2008) and Cunha & Smith (2006) . 
Analysis
The visual, as well as the infrared spectra, were analyzed using the software Spectroscopy Made Easy, SME (Valenti & Piskunov 1996) . SME simultaneously fits a chosen number of parameters by fitting calculated synthetic spectra to parts of an observed spectrum using χ 2 -minimization. The parts, called line masks and continuum masks, mark regions with spectral lines of interest and points which SME should treat as continuum points. The latter are used if a linear rectification in predefined narrow windows of the already continuum-normalized observed spectrum is needed (see Section 2). SME uses spherical symmetric, [α/Fe]-enhanced, LTE MARCS-models. Within the Gaia-ESO collaboration (Gilmore et al. 2012 ) it has also been developed to handle NLTE for many iron lines. We have no knowledge of estimated 3D-effects on the fluorine line used in the analysis for our stellar parameters, but Li et al. (2013) have calculated 3D-corrections for more metal-poor stars showing that they are small.
Stellar parameters
In order to be consistent, we use SME in our analysis, both for our optical and infrared spectra. We have, thus, also redetermined the stellar parameters for our stars based on the method described in Jönsson et al. (in prep.) . In short, we determine all the stellar parameters (T eff , log g, [Fe/H], and ξ micro ) simultaneously, with SME using a well-chosen line-list of weak, unblended Fe i, Fe ii, and Ca i lines and gravity-sensitive Ca iwings. All lines except some Fe ii-lines have lab-measured oscillator strengths with excellent accuracy (according to the Gaia-ESO line-list categorization of Heiter et al. (in prep.) ) and for all iron lines NLTE-corrections have been used. The resulting parameters are listed in Table 3 and are in agreement, within uncertainties, with the ones in Ryde et al. (2010) .
In Table 3 we also list the stellar parameters used for the Bulge stars of Cunha et al. (2008) that we re-determine the fluorine abundance for (Cunha & Smith 2006) . These stellar parameters are determined from a combination of photometry and IR spectroscopy which might lead to systematic differences to the stellar parameters of the B3-BW-B6 data set. Note also that the two M giants are cooler and have a lower surface gravity than the rest of the stars perhaps leading to systematic differences as well. 
Notes.
a We use log ǫ(Fe) ⊙ = 7.50 (Asplund et al. 2009 ). The uncertainties in our method of determining the stellar parameters from optical spectra and their dependence of S/N will be described in Jönsson et al. (in prep.) . In short we have degraded the Arcturus spectrum of Hinkle et al. (2000) to different S/N and determined the stellar parameters for those spectra. The estimated uncertainties for the stars in this paper following this method are δT eff < ∼ 70 K, δ log g < ∼ 0.2, δ[Fe/H] < ∼ 0.1, and δξ micro < ∼ 0.1.
Line data
All optical line data used in this paper has been collected and/or determined within the Gaia-ESO collaboration (Heiter et al., in prep) . The infrared line data except for HF have been extracted from the VALD database (Valenti & Piskunov 1996; Ryabchikova et al. 1997; Kupka et al. 1999 Kupka et al. , 2000 . The line data of the [O i]-line, the three Zr i-lines, and the OH-lines used is listed in Table 4 . When it comes to the excitation energies and transition probabilities for HF we calculate them in Section 3.2.1.
HF molecule
The excitation energies and transition probabilities for HF have not been presented previously in a complete and comprehensive manner. The values of Jorissen et al. (1992) , who cite private communications with Tipping, are often used. Lucatello et al. (2011 ), D'Orazi et al. (2013 , and Nault & Pilachowski (2013) , however, use the excitation energy for the 23358.329 Å-line from Decin (2000) , in turn from private communications with Sauval, which differs from the Tipping value by 0.25 eV. As long as the excitation energies and partition functions are con- References.
(1) Biemont et al. (1981) ; (2) Wiese et al. (1966) ; (3) Storey & Zeippen (2000); (4) Goldman et al. (1998) sistent they can both be used for abundance determinations if the corresponding partition function is used. Otherwise there will be an ∼0.3 dex difference in abundance just as Lucatello et al. (2011 ), D'Orazi et al. (2013 , and Nault & Pilachowski (2013) show. Since it is unclear which partition function is used in most works it is difficult to compare the resulting abundance values.
In this paper we intend to explicitly present which excitation energies, transition probabilities, and partition function we use so our data can be easily compared with coming studies. The partition function is defined as:
where g i and χ i is the statistical weight and the excitation energy of level i. The consistent excitation energies have to be used when calculating the number density of a certain lower level for a transition:
The zero point energy of the levels used (which is an issue for molecules but not for atoms), must correspond to the one used to calculate the partition function. Thus, as long as there is not a mis-match, it does not matter which is used since the zero point energies can be factored out in Equation 2. We use the partition function from MARCS/BSYN and SME (Gustafsson et al. 2008 , and references therein), which is an updated version of the one from Sauval & Tatum (1984) . This partition function is shown in Equation 3 and in Figure 2 .
The dissociation energy used is the same as in Sauval & Tatum (1984) : D 0 (HF) = 5.869 eV. We suspect that the 0.25 eV difference between different excitation energies used, comes from the Tipping-list using the dissociation energy of the energy potential, D e (HF), and not, like Sauval, the true energy required for dissociation, D 0 (HF). The former is larger than the latter due to the zero point of the energy of the lowest vibrational level. The difference is indeed 0.25 eV for HF (Zemke et al. 1991a) . We stress once again that it does not matter which energies are used as long as the consistent partition function is used. We have computed the HF line data from available molecular data consistent with the partition function and dissociation energy above. The excitation energies are calculated from the energy-level expression and coefficients of Leblanc et al. (1994) . They fitted measured HF-line frequencies to the energy-level expression given by:
obtaining the rotational constants
and L v , especially for the vibrational states of interest for us, namely v = 0 and v = 1. These are provided in Table III of Leblanc et al. (1994) . The calculated energy levels are good to 10 −4 cm −1 or better. The excitation energies of the lower energy levels of the ro-vibrational lines of HF are presented in column 6 in Tables 5  and 6 .
From this we calculated the transition frequencies (and wavelengths) from the differences of the energy levels of the upper and lower level of the lines. The wavenumbers and wavelengths of the HF lines in the 22700-25000 Å region (R branch, including the band head at 22700 Å) and 25500-39200 Å region (P branch) are given in columns 4 and 5, respectively, in the Tables 5 and 6. The R-branch lines lie in the K band, whereas the P-branch lines originating from higher rotational levels lie in the L band.
We have also computed the HF ro-vibrational Einstein coefficients for spontaneous emission using the transition matixelement expansion coefficients given by Arunan et al. (1992) . They used accurate dipole-moment functions based on experimental data to find these coefficients:
where m = J ′′ + 1 for the R branch, i.e. J ′ ← (J ′′ − 1) and m = −J ′′ for the P branch, i.e. J ′ ← (J ′′ + 1). coefficients, a i , are given in a Table VI in Arunan et al. (1992) . Finally, the log g f values are calculated from:
see, for example, Larsson (1983) . The calculated log(g f )-values are given in column 9 in Tables 5 and 6 . Arunan et al. (1992) claim that these transition probabilities are reliable and well-established, and that they are in agreement with ab initio calculations of Zemke et al. (1991b) , providing confidence in the values.
To get an overview of which lines might be important for abundance determinations, we plot in Figure 3 the relative line strengths in the form of gf · e −χ exc /kT at T = 4000 K, a typical temperature of the line forming regions of a red giant. The R9-line used in this and many other works is marked together with some other lines. The equivalent widths of the lines for a typical model atmosphere, show in principle the same relative strengths.
Stellar abundances
All abundances for the B3-BW-B6 stars were determined using SME and the stellar parameters described in Table 3 . The abundances from the visual spectra were determined using the macroturbulence determined simultaneously as the stellar parameters, but when determining the abundances from the IR-spectra the macro-turbulence was a global free parameter. The uncertainties in the determined abundances from the uncertainties in the stellar parameters, see Section 3.1, are given in Table 7 .
We note that all abundances are most sensitive to the temperature and that they all increase with higher temperature. This will mean that uncertainties, due to the uncertainties in the stellar parameters, in the ratios [ will be smaller than the quadratic addition of the two uncertainties. When it comes to the total uncertainties in the abundances we also have to include the uncertainties in the continuum fitting around the O-, HF-, and Zr-lines used, but they are in most cases much smaller. Altogether we estimate the total uncertainties in the abundances to approximately 0.15 dex and in the abundance ratios to less than 0.1 dex.
The re-determination of the fluorine abundances for the sample of stars previously analyzed in Cunha et al. (2008) were done using the same LTE MARCS model atmospheres as the B3-BW-B6 stars, but using MOOG (Sneden 1973 ) instead of SME. Our tests show that, using the same model atmosphere, SME and MOOG give the same result to a very good precision. For a discussion on the uncertainties of the stellar parameters and the abundances of the BMB-I-IV stars, see Cunha & Smith (2006) and Cunha et al. (2008) . In particular the most metal-poor star, IV-329, is challenging to analyze due to telluric lines.
Results
The part of the spectra containing the lines used in our investigation together with our best fitted synthetic spectra, are presented in Figure 4 and the resulting abundances are presented in Table 8 . In Figure 5 we have plotted [F/Fe] Figure 6 we have plotted our abundances together with our chemical evolution models. The fluorine abundances derived here for the stars from Cunha et al. (2008, light-green circles) are systematically lower than those derived previously on account of the different excitation energies and partition functions used (as described in Section 3.2.1), but also because in this study we use newer, alpha-enhanced stellar model atmospheres.
Discussion
From the color-coding in Figures 5-7 , which designates the three different Bulge fields observed (see Figure 1) , we are not able to trace any spatial variation of the fluorine abundance for the different fields. More stars in every field are needed in order to start discussing abundance trends. Therefore, in the following, we will discuss all our abundances as following a general Bulgetrend.
In the right panel of Figure 5 we see the expected decline of oxygen with respect to [Fe/H] due to the large production of iron in SNe type Ia. Our trend follows closely the trend of the micro lensed Bulge stars of Bensby et al. (2013) . In the left panel we do not see a decline in [F/Fe] for the same range of [Fe/H], and if the upper limit of fluorine abundance in the star B3-b1 is ignored 6 . Our fluorine abundances compared to the predictions of our Bulge models including AGB-stars, excluding and including the ν-process with two different energies, and excluding W-R stars. The abundances have been transformed to the scale of the models with log ǫ(F) ⊙ = 4.56 and log ǫ(O) ⊙ = 8.93 (Anders & Grevesse 1989) . The stars are color-coded as the corresponding fields in Figure 1 with the BW-stars of Cunha et al. (2008) added in the right panel in a lighter green color. A conservative estimation of the uncertainties are marked in the upper left-hand corners. We note that the star BMB-78, still after the re-analysis, falls below the rest of the trend, see Section 5 for possible explanations.
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Notes.
a Using solar abundances of log ǫ(O) ⊙ = 8.69, log ǫ(F) ⊙ = 4.56, log ǫ(Fe) ⊙ = 7.50, and log ǫ(Zr) ⊙ = 2.58 (Asplund et al. 2009 ). b Spectrum from the atlas by Hinkle et al. (1995) . c From Cunha & Smith (2006) .
the trend in [F/Fe] increases for the same metallicity range. This would indicate that there must be a production site of fluorine (over-) compensating for the increase in iron around the same time scale as SN type I. Kobayashi et al. (2011b) model the evolution of fluorine including 'normal' nucleosynthesis in supernovae and synthesis in AGB-stars, excluding the ν-process and yields from W-R-winds for different populations of the Galaxy, including the Bulge. In Kobayashi et al. (2011a) they show models also including the ν-process in SNe II, with two different neutrino energies, but only for the solar neighborhood. The two energies chosen are E ν = 3 × 10 53 erg (the energy estimated by Hartmann et al. (1991) and best reproducing the values of Li et al. (2013) in the solar neighborhood) and E ν = 9 ×10 53 erg (the theoretically largest possible value). In Figure 6 we present for the first time the combination of the Bulge model as described in Kobayashi et al. (2011b) with the ν-process as modeled in Kobayashi et al. (2011a) . If we for the moment ignore the light-green values for the re-analyzed Cunha et al. (2008) stars, we find, just like Li et al. (2013) do for the solar neighborhood, that the fluorine-oxygen abundance trend in the Bulge is best described with the model including AGB-stars and E ν = 3 × 10 53 erg, but that the models do not to reproduce the trend of the lower-metallicity stars: there seem to be a larger slope in the observed data than in the models, see left panel of Figure 6 . This might be due to that the ν-processcontribution in the Bulge is more metallicity-dependent than in the models, or that its contribution in the Bulge is lower and another, more metallicity-dependent source (possibly W-R-stars) is needed.
When including the light-green stars from Cunha et al. (2008) , the trend becomes somewhat more scattered, and we treat their fluorine abundance for the star IV-329 as an upper limit. At this star's temperature and metallicity, the HF line is only 4% deep and may be affected significantly by imperfect telluric division. The recent discussion by de Laverny & Recio-Blanco (2013) notes that in low-metallicity stars where the HF R9 line becomes very weak, uncertain telluric-line removal at the 1-2% level (which they maintain is typical) results in large fluorine abundance uncertainties. They suggest caution in interpreting fluorine abundances derived from such a weak HF R9 line. Further, since the figure shows [F/O] as a function of [O/H] the accuracy of the oxygen abundance plays a vital role in defining the trend. As an example of how sever the impact of the oxygen abundance is on the trend of Figure 6 we note that decreasing the oxygen abundance of the peculiar star BMB-78 by 0.3 dex to better follow the B3-BW-B6-stars in Figure 5 will shift it into the B3-BW-B6-trend in Figure 6 . The oxygen-abundances of the Cunha et al. (2008) stars will be re-determined using newer, alpha-enhanced model atmospheres to see whether this will influence the [F/O]-trend amongst these stars in Figure 6 (Cunha & Smith, in prep) . Presently we cannot rule out that the peculiar fluorine abundance of BMB-78 is a result of inhomogeneous chemical evolution in the Bulge (see Cunha et al. (2008) for further discussion on this). The other Cunha et al. (2008) -stars agree well with the B3-BW-B6 data set in spite of the systematic differences expected from different methods of determining the stellar parameters and the fact that BMB-289 is a M-giant, while the entire B3-BW-B6 data set is made up by K-giants.
To further investigate the possible need of W-R stars to explain the fluorine abundance in the Bulge, we have determined the abundance of the s-element zirconium mainly produced in low-mass AGB-stars (Travaglio et al. 2004 ) and compared it to the abundance of fluorine, see Figure 7 . The negative slope in this plot, showing [Zr/F] as a function of [F/H], suggests that the most fluorine-rich stars have been enhanced in fluorine by a source not producing zirconium, i.e. that the contribution from AGB-stars seems small. Thus, the additional sources needed might either be the ν-process, W-R stars, or both. The ν-process does not seem to be metal dependent in our [O/H]-range, while the W-R stars are, meaning that the slope is best explained with W-R stars. However, Zr is not exclusively produced in AGB-stars, but there is some minor r-process and weak s-process production in massive stars as well (Travaglio et al. 2004; Bisterzo et al. 2011) . The contribution of these stars to the Bulge Zr-abundance is, as far as we know, not known. To evaluate this further modeling is needed.
Concerning the role of W-R stars for the chemical evolution in the Bulge, it is of interest to compare to the discussion on the oxygen and magnesium trends in the Bulge (for a review, see Rich 2013) . Since the metallicity-dependent, radiation-driven winds of W-R stars can be massive and cause the outer layers of the stars to be pealed off (Maeder 1992) , the contribution from these stars could explain the decline of oxygen in the Bulge (Fulbright et al. 2007; McWilliam et al. 2008) . At the same time these massive stars could be an important formation site for carbon in the Galaxy (see for example Gustafsson et al. 1999; Mattsson 2010) . Fulbright et al. (2007) and McWilliam et al. (2008) Ryde et al. (2010) do not find the large increase in the carbon abundance in the Bulge, which would have been expected if the W-R stars had played an important role. Thus, the question of the role of W-R stars in the Bulge is still open. It will, however, be able to be tested with more observations of the sort that already exists. Detailed modeling is needed and improved data may solve this issue (Rich 2013) .
Since fluorine is produced from nitrogen in both AGB-stars and W-R stars, while it is produced from neon in the ν-process it would be of interest to investigate the trend of F vs. N in the Bulge, but since our stellar sample is made up by giants it is hard to establish the 'cosmic' nitrogen abundance to the needed accuracy due to newly produced nitrogen being dredged-up into the atmosphere of the star.
Conclusion
At low metallicity, our observed fluorine-oxygen abundance trend in the Bulge is lower than predicted in our Bulge model including the ν-process, showing a steeper slope than the model. This might suggest a metal-dependent production source of fluorine. This source cannot be the ν-process in SNe II because it is not metal-dependent over our metallicity range, and it cannot be AGB-stars because these produce s-elements at the same time as fluorine and would probably not give rise to the observed decline in [Zr/F] for increasing [F/H] (as shown in Figure 7 ). Therefore our data corroborate the findings of Cunha et al. (2008) that W-R stars might be an important source of fluorine in the Bulge. To fully evaluate this we need galactic chemical evolution models that include full sets of yields of AGB stars, W-R stars, and supernova explosions.
We believe that some of the earlier reports of high fluorine abundances might be due to the use of mis-matching molecular data for the HF-molecule, but this has to be investigated. To help with this we have presented a HF line-list with a consistent partition function for lines in the K-and L-bands.
